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SUMMARY

('alculatio_s of the cooling attainable by radiatiol_

at l_Iach i_umbers 'up to 11 and altitude._ up to

100,000 +feet are pre,_e_ted .for a flat plate ,with

turbulent boundary lager and alined u._th the wind.
The._'e ealculation,_ ._h,ow the .utility off radiation a._' a

mean,_ off cooling high ,_'upersonie end h?/per,_'o_+ic

aircraft under aerodynamic heating and the need for
m.easurem.ent,_' of the total hemispherical emi._',_ivit!/

off ._'ulJ'aee,_" ._uitable .for u._'e o1+ airer((f't. The theor!t

umlerlyi_g lt_e i_ve._'tigation at_d mea._'uremet_t off
total hemispherical emi,_._'ivit?/ i,_ pre._ented, l_eadil!t

duplieable apperatu,_" ,_'uitable for pecformi_g the

req_tLs'itr _ea.s._zreme_t,_ or+ a large rariet!l +!t" ._'Pll:l'aer,s'

i._ de.s,eribed. The _nethod off ealibretion al+d the

tech,niq'ueu ere given .for uui_g the apparatu,_ to

+i_ne._'tigate the ,_tability _!f the emi._,_'iril!l qf ._u_Jaee._,
to mea._'ure the total emi,s'ui_,ity a,_"a f_t_etio_ off angle

to the s_trface, aml to mea._'ure the total hemi,_pherieal

emi,_'xivit!t +!f ._'table ._u_fitee._ as a.funetion qf tempera-
ture. When Inco_tel, l_eo_wl .V, ,_'tainle,s'._ ._'teel 303.

et_d titat_ium alloy ]_-120 are cleansed to the bare

-metal, there ea_ be produced by heating 'it_ air thh_,

._.mooth, adheretd o_:ide coatings on the metal,_' that

do not /la_+e off under rapid heati_+g and eoolit+g, are
resi,_ta_d to mild abra,s'io_+, emit di_u,_el!/, and have

._'table emi._,_'iee eharaeteri,_tie,_'. Th.e total hemiupher-

•ieal emi._._irit!/ of the It+eonel eoati_+g wa,_. fou.ml to

very.from. 0.69 at 600 ° 1,' to 0.82 at 1,800 ° F, that off

I_,eonel X from 0.895 at 600 ° P' to 0.925 at 2,000 ° f',

thai qf ,_tai_deu,_ steel 303 /)'om 0.74 at 600 ° F to 0.87

at 2,000 ° F, and that qf titanium alloy IL_;-120

Jrom 0.1175 at 700 ° I_' to 0.715 at 1,500 ° F.

INTRODUCTION

Cooling I)_+ vn(li'_iio11, either alone or in ('o,n-
t)ination wit It insulation or other ('ooling met hods,

is one of the most promising means of keeping the.

temperatures resulting from aevody,nlmi(' heating

of high supersonic an(l hypet'sonic (above a Mneh

nunlber of 5) aircraft within strit('ttit'ally toh, t'_tl/le
limits. The efl'e(_tiveness of cooling Ily radiation

is ilhtstruled in tigure 1 where tile equilil)viunl

lenll)et'tttuve attained at _1 point 2 feet ft'otn the

lea<titlg e(lge of a tbtt sm'faee p+trttllel to the wind

is 1)lotte(l +tgainst tlight .NIa(']l t_ttml)er, a turllu-
lent tlOtin<htvy layer being assuttled. The curves

were eal('ulate(t |)y equalitig the rate of heat loss

from the sttt'fa(+e tly radi'+tion to the l+at(, of Ileal

input to the stn'fa(,e by aerodynntni(' heating, the
ltwl)tflent-I)otnldat'y-l'kvet' he:tt-transfer coefii(.ienls

being given by refet'etlce 1. (_tn'ves ave shown for

tlight at sen level, at a 50,000-foot altittttle, and at

+1 100,000-foot allittl(le, t)ase<] upon the air teln-

t)erature and (lensit5 + vtllues of vefeven(_es 2 and 3.
Two ctu'v,,s are given for ea<'h altittt<le: on<' for

the ease of zet'o sut+fnce onlissivity, tel)resenting

no loss of heat 1)y r'tdiatiot,; ,tnd tit(, other for the

ease of _1surface total henlispherieal enlissivity of

utfity, representi,lg the _tmximunl t)ossibh' cooling

t)y vndiation. It is apparent from figure l lllat

radiation tleeonleS a powerful tne_l,lS of cooling at

the higher supersonic speeds _lnd at hypersoni(_

speeds an<l thnt, with increase in altitude, l]le

tenlpevatttre re(tt_elion produ(,e(I l)y radiative

cooling increases nlarkedly. If a laminnr bound-

at'y layet' had 1)een assume(l, apprecial)ly larger

tgupersedes NACA 'l',,ehniea! Note 4121 by William J. O'Sullivan, Jr., and William R+ "V,'_de, 1957, and NACA Technical Note 4206 by William R.

Wade. 1958.
I
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FI(;uI_: l.--Aircraft equilibriunl skill t enq)eratures at

2 feet from leading edge for turbulent boundary layer.

re(hwtions in tempernture wouh| have been shown

because the hmfinar-boun(htry-layer heat-tr_msfer
coefficients are much lower than those of the

turbulent boundary layer. Sin(.e the rate of loss

of heat by radiation is (lirectly proportiomd to the

total hemispherical emissivity of the surfaee, it is

apparent that practical interest, lies in the de-

velopment of surfaces having the highest possible

value of total hemisI)heri(ufl emissivity in order to

achieve the maximum radiative cooling.

Mu('h of the attractiveness of radiative cooling

stems from its inherent simplicity, reliability, and

low weight as ('on,pared with other methods of

cooling. Emissivity is a property of ttie surface

of n body; thus materials that are pool' l'a(liatot_,
such as most metals, may be eoate(t with a thin layer

of materialof high emissivity and become good radi-
ators. The feasibility of this me,boil depen(Is upon

the (levelopment of strongly adherent, stabh,, an(l

aerodymmfieally smooth coatings of high emis-

sivity capable of withstanding elevated tmnpera-
tures :rod rapid rates of change of temperature.

The research herein reported shows that such

('ontin_s ran be pro(hu'ed I)y oxidation Ul)On

Ineonel, hwonel X, stainless steel 303, and

titanium alloy RS-120. It is therefore reasonable

to exp:,et that such coatings can t)e pro(lu('ed on a

wide variety of high-temperature materials either

direetly or indire('tly by first ])biting or rolling

onto them material upon whi('h the desired

('eating ('nn be produ('ed.

Altl ough many data on tit(, emissivity of sur-
times t_re, to I)e found in te('hni('al literature, tit(,

data are in lurge measure not suitabh, for nppli-
ration to tt_e radiative ('ooling of air(,r_Lft. The

information is often given only for a single tem-

perature, whereas the emissivity of metal surfaces

in particular is known to vary appre(,iably with

temperature and time tit temperature, partly
be('_mse of progressive oxidation of the surface at

elewlte(I temperatures it, air. The literature

affords little information regnrding the chemistry
of ('otirings of high emissivity, their meehani('nl

properlies su('h as smoothness _m(l adherence,

their ,,tability, and their resistanre to cracking

and flicking off under repeated heating trod eooling

tit rapid rntes.

In view of these considerations, the l_angley

Research (?enter has begun the investigation of

high-elnissivity surfa('es from the viewpoint of
their application to the cooling of supersonic and

hypersonic aircraft. Apparatus suitable for su('h

resear( h was not found to t)e commercially avail-

able. Aeeor(lingly, appropriate apparatus, de-

seribe(i herein, was designed after study of the

types ,)f apparatus heretofore employe(l. Most

previo_ls investigations of emissivity have em-

ployed either the "filament-in-va(,uum" apl)aratus
or the "referenee-t)la('l_-tmdy" apparatus. [n lhe

filameItt-in-vaeuum apparahls, the total hemi-

spheri(al emissivity is derived from measurements

of the power input to an eh,('trieally heated wit'(,

speeitn,qi ill lL vaellUlll because t]le wife specinmn

loses eaergy primarily as radiation. The varia-
tion ot the electrical resistance of the wire with

tempelature is usually employed to deterlnine the

temperature of the radiating wire. For many

materials the resistance is found not to I)e a unique
fun('ticn of temperature with the result, that
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reliable (h,t, ermination of tile tmnperature presents

difficulties. Ill the referenee-blaek-body method,

tile emissivity is determined t)y comparison of the

intensity of the radiation emitted by the test sl)e('i-

men with that emitted by a t)ody of known

mnissivity, which comparison body is usually a
black body of unit emissivity. In this method

the principal difficulty is the ('onstrui:tion of the

referen(,e bla('k body, and relian('e is placed

primarily upon theory that it is a black body.

However, the method is suitable for investigating
the variation of the emissivity with time at

elevated temperature of a hu'ge variety of materials

when heated in air and, a<'eordingly, was selected

as being the most suitable method for the purposes

here intended. Insofar as possibh,, commercially

available ('omponents were use(t in ('onstru('tion

of the al)l)aratus in ot'der that the at)paratus may

be readily and e<'onomi('ally dul)li('ated by others,
in consideration of the ral)idly expanding need

for emissivity data. The theory underlying the

operation and design of the al)paratus is given.

The present invest igat ions of t he produ('t ion an(t

measurement of ('oat ings suitable for t he radiative

cooling of hypersoni(, air(.raft at'(, reporle(l not only

in view of the importan('e of the data but also as
examples of the techniques of t)erforming such

investigations with the apparatus des('ri|)ed.

Some other recent measurements of the emissivity

of Inconel are reported in reference 4 by a modifica-

tion of the filament-in-vaeuunl method, and in

reference 5 t)y the referenee-bla('k-I)ody method.
In both instances repeatable results were not

obtained; thus the desirability of further inves-

tigation was in<ti<'ated.

SYMBOLS

A area, sq ft

d diameter of circular surface, ft

+f radiation flux, Btu/(sq ft)(sec)
K constant

P point on surface of hemisphere of
radius r

Q quantity of radiant energy, Btu

R rate of radiant energy emission, Btu/scc

r radius of hemisphere, ft

S area of hemisphere of radius r, sq ft

T absolute temperature, OR

t time, sec

X, Y,Z Cartesian coordinate axes

total hemispherical emissivity, (limcn-
sionless

X wavelength, mi('rons

+ Stefan-Boltzmann ra(liation constant,

Btu/(°R 4) (st I ft) (see)

¢ elevation angle llleasul'(ql f'rOlll IIOFUiRI

to surf at'e, ra(lians

1// azhnuth angle, radialls

_ut)s('ripts :

b black body
0 at ¢=0

¢ tit ¢_0

u surface of unknown emissivity

THEORY OF MEASUREMENT OF TOTAL
HEMISPHERICAL EMISSIVITY

In this section is presented lhe t lieory underlying

the expcrinlenlal lipparattlS anti tile techniques
eniployed to lileasure the total heniisplieri('al

einissiviiy of Sllrfaees. The theory, alihougli iiot

new, is presented in nio(ierate detail for the eoll-

venien('e of the reader beelil.ise it is uot readily

available inliSlluleli as it is scattered throligh a

large quantity of te('hnieaÁ literature in which

there exists neither eonsisttmey of lerniinology nor

clear distinction between the older enlpirieal

tiieories and the inoderu concepts. The tilcory as

presented herein is Á)ascd upon niodern concepts

with a eonipatible anti consisteut terniinology.

TOTAL HEMISPHERICAL EMISSIVITY

The nlodern quantuin theory of tlierinal radia-

tion developed by Planck yields all the earlier

developed laws of thermal radiation (ref. 6), in-

cluding tile Stefan-Boltzmann law. Tile Stefan-
Boltzmann law, in conforInity with Planek's law,

gives the quantity of energy Q emitted as thernml
radiation by a surface as

Q=+aT4At (1)

In equation (1), _ is the total hemispherical emissiv-

ity of the surface, a is the Stefan-Boltzmann

radiation constant, T is the absolute temperature
of the surface, A is the area of the surface, and t is

the length of time during which radiation occurs.
The dimensionless coefficient _ is termed the

total hemispherical emissivity to indicate that it
applies to the total radiation of all wavelengths

emitted from any element of the surface in all
directions from the surface over the entire solid

angle of a hemisphere. It is the efficiency of the
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surfa('c as an emitter of thertnal radiation. A sur-
face whi(,h emits the theoretical nmxilnuln amount

of energy is termed a "black body" and has a

total hemispherical emissivity of unity. ('on-

versely, a surfa('e which emits no therlnal radiation
is termed a "white t)ody" and has _t total helni-

sph(,ri('al emissivity of zero. A('tual surfa('es lie
bet ween these theovel teal ext remes.

Early investigations of the thermal radiati(m

of actual surfa(.es gave rise to the eon('ept of the

"gray body." A gray body is visualized as an

assenlbhtge of infilfitesimally snlall areas, some
of which are black bodies and the renlainder of

whieh are wifite bodies. By varying the pro-

portion of black areus to white areas, il ix

theoreticallypossibh, to obtain on a macroscopic

scale gray bodies having any valu(, of total hemi-

spheri('al emissivity 1)etweelt the theoretical ex-

lrem(,s of zero aim Ulfity. [ml)[i(.i! in the con('el)t

of gray l)o(li(,s is that theh' spectral lwmispherieaI

emissivity, that is, their efficielwy as radiators

at any given waveh, ngth, is a constant indel)el_(h,nt
of waveh,nglh. Since the total hemispherical

emissivity is simt)ly the summation of the spe('tt'al

henlisl)herh.al emissivity ov(,r all waveh,ngths

emitte(l, the total hemisphevi<'al emissivity of a

gray 1)ody is a ('onstant. l,ater ittvestigatiolls
have dis('h)s(,d that th(, spectral hemispherical

emissivity of actual surfa('es frequently vari(,s

with waveh, ngth. Since liw I'ange of wavelengths

elnitted varies with temperatur(', the total hemi-

spheri('al emissivity of actual suvfa('es must tie

regarded as a ('o(,fti('ient whi('h may vary with

temperature. Ae('or(lingly, real surfa('(,s ('almo(

Ire r,,gal'de(I as gray bodies as has t)e(,n done
frequelltly in the past. Throughout this rel)ort

th(, total hemispherical emissivity e of actual

surfa('es is regar(h,(I in this more modern vi(,w as

I)eing a eoelti('ient that tony vary with t(,ml)ev-
atlire,

GENERAL OUTLINE OF METHOD OF MEASUREMENT OF

TOTAL HEMmPHEmCAL I::MmmVITY

From equation (1), the rate of emission 1: of

thermal radiatioll from any surfa('e is

R=(_=e(_ T4A (2)

From equation (2) the total hemisI)h(wical emis-

sivity _ is

R
a TLA

Accordingly, E may be experinwntally evuluated
if R, T, and A can be measured. No difli('ulty is

en('otmtered in measuring the at)solu((, temper-

ature T an([ the area A of a ra(liating slwfa('e.

However, it is difficult to devise apparal us capal)h,

of measuring the al)solute vahle of tiw rate of
emission IL

Iheorctmally, a cavity having a small opening

emits bla('k-body radiation through ils ot)ening

when tim inner surfaces of the cavity are at uni-

focnl temperature. (See ref. 7, Pl). 24 to 2(;.)

Such a t)lack-body-radiation sour('e affoMs a

standard of comparison against whi(,h the rate of
emission of a surface of unknown total hemispheri-

('al emissivity tony t)e measur('(t. With the ('om-

t)arison bhwl_ bo(ly (lenoled by the sul)s('ript b
nn(I tim surface of unknown (otnl hemisl)heri('al

emissivity t)v the sut)s('rit)t u, the ralio of lheir

emissix ities is obtained from equation (3) lls

I?,, "/'_L1,
r_ 4_o llb 7..'1,,

Be('aus(: the total ht,misph(,rit'nl emissivity of _L
l)la('k l,odv is unity, this (,qua(ion r(,(hw(,s to

<' IL, 7'.q.1. (4)

The method of determination of the total hemi-

spheri(al emissivity l)y comparison with a l)la('k

body, as exl)resse(t by equation (4), is (he t)asis of

the te(_hnique hereill (,mploy(,(l. If (It(, (enlpera-
tui'es _n(l tlte areas of the unknown surfa('e nnd

the l)Ii('l<, hotly at'(: made e(tual , (,qua(ion (4)
]'edu('e',, further to

It,, (/;,=/;, ..tt,--A.) (5)
<'=Ro

therefore, the method t)(,Colnes simply the deter-
nfinati, m of the ratio of the rates of emission

R.tR_.

RELATION BETWEEN RATE OF EMISSION AND RADIANT FLUX

A re] ationship exists between the rate of emission

R, reql ired in equation (4) or (5), and the radiation

flux .f at a distance from the emitting surfa(,e.

This relationship may lie (levelope(I as follows.

Let, there bc locate(I, as shown in figure 2, a
circular surface of area A with its center a( the

origin _)f the Cartesian ('oordinate axes X, )', nnd
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FI(;URE 2. Quantities involved in r('hdion b(_tw(_en rate

of emission aim radiant tlux.

Z and lying in the XY-l)hme. I,el there t)(, ('h'-

('umscribcd about the cir(qllar surface a hemisphere

whose center is at th(, origin of the coordinate axes

and whose radius r is large in ('omi)avison with the
(liam(,ter of the ('ir('ulm' su,'fa('(L

In a('('ordan('e with lh(, law of the ('onservation

of energy, any radiation emitl(,d from the (4r('uhu'
surface must pass through Ill(; surfa('e of the hi, rot-

sphere. Therefore, if /"(h,noi('s the radial|on flux

at the sm'fiw(, of tim hemisl)h('r(', (hnt is, the (tuan-

(ity of radiant energy l)er mill of area per unit of

time, the integral of the flux over the surface of the

]leinisphere must })e the rate of (,mission R of the
cir(_tlhlr Ill'off.

I_et the position of any t)oinl 1' on the hemi-

sphere lie defin(,(t Itv the azimuth angle + and the

elevation angle O as shown in figure 2. |hi'teasing

the elevation angle ¢ 1iv the (lifferential amount

de causes the point P to tit,st'rill(, upon the |win|-

sphere lhe differential arc rd0. ln(.reasing the

azimuth angle ¢ ])y the (tifforential amount: d@

causes the point 1', whi(']l point is located at the
normal distance r sin 0 from the Z-axis, to des('ri])e

upon the ]wmisplmrc the differenlial art; d_r sin 0.

Accordingly, a difl'er(,ntial area dS of the henri-

sl)her(, is given l)v

db;= (rd¢)(dCr sin O)

= r2(sin ¢)dCd@ (6)

The product of the radiation tlux .[ and ttle

differential area dS is lhe quantity of radiant

energy per unit of time passing through the

differential area dE. The integral offdS over the

entire hemisphere is the rat(, of emission II of tile

circular area; that is,

Uf)on substitution of equation (6), this equal|on
bOC()IIICS

Thus, lhe rate of emission 1' is reIal('(] (o t],(, fluxf

I)y ('(lu'ttion (7).

EQUATION FOR TOTAL HEMISPHERICAL EMISSIVFFY IN

TERMS OF RADIANT fLUX

The ralio R_/Ro o(.curring in (he general emis-

sivity eqml, tion (4) arm in tho reslrivled emissivity

equation (5) nlay be Oxl)resscd in terms of the

(]uxL of the unknow), sm'fa('(, ;m(l th(, llux.fh of

the comparison black t)o(Iv ])v means of (,(tualion
(7) as

lt,,= rjj_,).... j_=,) j.,,(s,,, _),t¢,1¢ (s)
lib _ 1",=_ l'_=- ',

r, j.=,) J¢=o fi(sin O)dCd¢

In lhc experinwnlal measuremen( of IL,/Rb 1)y

('(tualion (g), r, can r(,a(lily ])(, mad(, equal 1o to.

Wi(h this simplifi('alion, sut)slilulion of equation
(8) into equation (5) yi(,lds tiw c(luation for

measuremen_ of the total hc,nispherii'al emissivity

_,, of an unknown surface in t(,rlns of the fluxes f.

and .h as
11"

f °='
,J ¢=() de=0

_, ---. ..... (9)

'"_- _'+:'" h(si,, o)J0d_
¢=() d¢=o

\VIIPll

To= Tu

Ab=A_

rb _ ru

SIMPLIFICATION RESULTING FROM CONFORMANCE WITH

LAMBERT COSINE LAW BY REFERENCE BLACK BODY

A black body emits the theoretical maxinmm
anmunt of thermal radiation. It can do so only
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by enliliing wilh niaxilntllil, allll therefore equal,

intensity al all angles to its surface. Accordingly,

the black-body radiation tiux./'b in equation (9)

lilliy lie expressed its ll function of the elevation

angle 0 its folh)ws.

In figu,'e 2, let the circuhu' enlitting surfa('e be

it black body having a diluneler d which is sniall

in comparison with the radius r of the heniisi)hcre.

When viewed fronl lhe point of intersection of the
Z-axis witlt the surfll('e of the hentisphere, that is,

fl'Oll) the point whel'e q_--(t, itie eniilling surfll('e

is seell ilS It circle whose Ilrelt is _rd2f4. _Vheli

viewed froln lilly point eli the heniisphere olher

than _--(), lhe elliillillg surfitce is seeli its lin

ellipse whose liiajof dialiiehq' is d and wltose lililiOl'

dialueler is d ('os 0. The ai'ea of suclt an ellipse
is (r,F cos _)!4. Let tile thlx at @:0 t)e denoted

I)v .f_.0, lind thai al glT0, by .fo. For e(tulil

radiating ability (if Ihe cir('ulltr 1)lack-body Sill'-

fit('(' in all direclions, ill(, [hix is t)roporlional io

the ill'eli viewed, O1"

so tirol

_r,f" cos ¢

.5 4
.(_,, 7rd2 = cos

4

.f_=fl.0 cos _ (10)

Equation (10) is recognized Its being tim lmntl)erl
cosine law for ([ifl'usely radiiitii)g surfaee, s.

Substitution of equation (10) into equation (9)

perniits imcgration of the denominator of equation

(!)), wlteroupon equation (9) reduces to

_"--=-_ .s_=o .s¢,:o .[b.,_ (sin ¢)dJ_/_ (I l)

when Tb=T,; .1_=;1_; and rb=r_. Titus, the

flux elnitted liy tttc conlparison black body nee(is

tO I)c incasured ollly at _=0. This silnplifieation

greatly facilitates the design of the eonlparisoll

black t)ody and reduces the nuntber of nteasure-

nients required upon it.

SPECIAL CASEOF SURYACESWHICHEMIT DIFFUSELY

Many surfaces arc found cxperinlentally to
ohey the Lantbcrt cosine law of diffuse entission.

For such surfaces, equation (11) may be simplified
as follows.

I,et the flux at ¢=0 of tile unknown surface l)c

f,.0, and that at any finite elevation angle be j'_.

In anid )gy to equation (10), for diffuse elllissioli,

j'_=f.,o cos ¢ (12)

Substituting equatiolt (12)into equation (11)i)er-

mils inl egration anti gives

./'u, O

_,=f_, (13)

wtwn 7'h TG Ate- .t,,; r_=/'_,; and _,--Diffuse.

Tllus, lhe total henlispherical eniissivity of sur-

faces whi0h emit diffusely ilt accordance with the

Lalul)ei't cosine hiw inav I)e Silltply liieasured by

lueasur{ng the ratio of their llorililil totiil tlux

./_.0 to lhat of a blaek bodyfb.o.

That a surfliee of ultkiiowit enlissivily does

enfit diffusely in accordance wiitt the lmlnl)ert

cosine law may be readily established experi-

nientally by nleasuring./', ai various values of

and ol)_erving tMt .f,/.f_.0--eos ¢ in accordance

with e,luatioil (12). This ('oluparison liilly t)c
rea(lily done graplti(.ally because the locus of

equatiou (12) plotted on the CItrtesian coordi-

llatcs 2f and Y is it circle of dianieter.[_.0 whose

(!enler files on the Y-axis al y=.f_,.of2. When lit[,

lmult)erl cosine htw is not fulfille(l, equaiion (! l)
inusl b,' used.

APPARATUS FOR MEASUREMENT OF TOTAL

HEMISPHERICAL EMISSIVITY

Ilt tt:is section is l)resented a description of the

apparalus constructed for nteasuring the total

hentisp terical emissivity of surfaces in accordance

with tt'e theory of the technique set forth in the

precediag section. The apparatus is a eont-
promis_ anmng several factors. It has not been

designe,! with the objective of attaining the

highest possible precision, but rather a precision

adequa:e for most engineering purposes in order

that it may possess the following features: It is

designe,t to be readily adaptable to the lneasure-

ment of tile entissivity of a large variety of surfaces

that c,n be produced upon, or ntounted upon,

various metals in order that the, utility of these

surfaee:_ for the radiative cooling of aircraft may

be expl)red. It is constructe(t insofar as possible
of commercially available eoniponents in order

that it be readily duplicable. Accordingly, the

descripion of the apparatus is given in sufficient

detail to provide not only understanding of the
nn*asur._inents obtained but also information
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sufficient for the apparatus to t)e duplicated in
all essent M f(,at ur_,s.

GENERAL DESCRIPTION OF APPARATUS

A general view of the complete apparatus, with

identifieati(m of the 1)rineipal components, is

shown in liguvc 3. A s<'h,,niatic wiring diagram

of the (_omplele apparatus is givell itl figure 4.

The eomphq(_ apparatus consisls of the followintz

three groups of (_omt)oiwnts: First, the t,est speci-

men with iis asso('ialed hohlev, lhe electric power

supply for heating the Sl)eciitien by means of

heavy ('urv(qtt through il, and a thernloeouplc
togeth(,|" with a s('lf-btdan('ing poientiom(,tcr and

t(,,t,peratuv(, iittti('alov for d(,l(,v.fiuing lhe t em-

l)evature of lit(, sl)e('i.,wit ; se('oitd, the reference
I)lat'k body wit h its asso('ialed eh,(qric furnace for

heating it an<l a lhevn.)('Otil)le for determining the

tcnq)eratt,vc of the t)laek I)odv wilh the same sclf-

balan(.ittg l)otentio.tieter an<l t eml)(,vature indi-

cator as used with the test specimen; thii'd, the

thevmopih, for c().lt)a.'ittg the i.iensity t)f t'a<liat ion

emitletl l)y the it,st Sl)e('im(,t! with lhat <,mitrer1 by

t,he 1)lacl_ body, the the.'n_opil(?._ asso('iated walev-

('ooled shMd and qI)eVt.vt', and lhe l)vc('isit)n

t)oieniiomeier ft)r measut'iltg the pol(.nIM (lcvel-

oped 1)y the lhermol)ih,. 'l'h(,se lhvee groups of

al)t)avatus ave (h,s(wit)(,(l in dclail ill tit(' followiltg
sectioHs.

TEST SPECIMEN AND ASSO(_IATEI) APPARATUS

Tit(; sui'f'we whose emissivity is io t)(, tl."tsured

is I)ret)aved upon the fv(>nt face of a flat stvi 1) of

metal ar.l mouitied iH lit(, st)eeimell hohhw ide.ii-

fled in figul'e 3 an(t shown in detail ill filZlit'es 5 i/lt(I

6 with a sl)o(']lti(,ii installed. The ,_])e('ilii(,it is

]iellte(| it) file desired l('llt])('l'lillii'(, t)y I'iliiliiltg

through ii il suillli)le ele('li'i(' OtllTOlil ol)l liilt('(t fl'Oili

t,}10 St)O('iitieli lieltliq' ])ower sul)t)iy w]li(,h is also

sitowli ill (h,ilii[ lit []gtlt'e ;_. As illtii('llle(I ill the

eircuil ({iagl'ltltt (if l]glll'(' 4, tit(' }ieltliq' l)OWel' SUl)l)lv
COliSisIs (if ix. vILi'ial)le lililolrlllisforilter (Sitli(q'iOl'

Eleeli'ic (_(). (Bi'islol, (k)iiit.) I)OW('i'_l, iil, liiO(l('i

1256I_ 25 B) feeding a sle])(lowii li'tilisfot'liier

(Celill'ld Trt_nsfoi'liler (!o. (('hi('tigo 7, 111.), iilO(t('i

(]1 117). The iill)ltl (if ill(' liulolrltltsf()i'itter is

440 volts, 61i-('y('h,, siltgh,-i)hlise ettl'l'elltj if.lilt ilS
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C.J Cold junction
H J Hot junction

G Galvanometer

44_0v °O-4v

60 cps ;O-600amp

Specimen heater
power supply

Precision
pot en t iometer
for radiation
measurement

FI (_ u 1{1_i 4.

A Ammeter

B Battery

8 s Standard celt

I Specimen

I_1 I Indic°ring I
' _* / p0tenhometerI

I L-p°tentiometer I

_:: _ 8lack body

_ Electric
furnace

B 60cps

Schenudic drawing of electrical circuit of test,

setup.

L-96504

FI(;URE ,5. Tvst Sl)('cim('n holder with st)ecimen installed

and electric l)U_ver SUl)l)ly for healing Sl)Ccimen.

,[)ull)ut is adjuslal)le fronl II to 440 vails _ll a m_lxi-

mum ('arran! of '2S _unl)er(,s. The stel)dow]l
trllllSfOl'lll['I' has 1/11 Olllpil| of 4 vohs at 440 veils

input ml(I a maximum output ('/lrrellt of 600

amperes. The output of tile stel)dOwn trmls-

forlll('r is ('Ollll('('l('(l Io I[le lest st)e('imen t)y means

of cables and claml)S as shown in figures 5 and 6.

The spe,4men is eh,(:tri('ally insulated from the

jaws of the spe(4men hohh,r. The jaws permit

the sp(,('men to expand freel S in the longitu<linal

(lirectio]_ so that, the st)('('imen does not I)uckh_

under thermal expansion. The jaws at'(, also

rotatable about the longitudinal axis of the st)e('i-

men so that, lhe sl)e('imen may t)(, alined relative

to the optical axis of lit(, thermal)ibm. This

arrangentent permits use of sl)e(4]nens of wu'ious

lengths, widths, and thicknesses which, togelher

with the ,tdjustat)le t)ower SUl)l)ly, makes l)ossible
th(; heating of Sl)eeimcns of almost every tyl)e of

metal to all temperatures u t) to their melting

temporal ure.

The teml)erature of each Sl)e('im(m is lllOastu'ed

1)y means of n, t.hermocouph' attache(| to the rear

surface -f the specimen opI)osile the small area
on the front surface of the spe('imen that is viewed

by the t u, rmopile. In figure 7 are shown details

of a tyl:ical thermo(:ouph_ installati(m on a test

specilnel,. The thermocoul)le is made of ('alihrated
chromel and alumel wires of No. 30 gage (Aiilerican

wire g_lg(,). ]n order to insure that the heat

conducted away from the lhernloeouph_ jun(qion

by lhe thermo('ouple wires is n(,gligit)le, and that,

ac('tlra(e s])e(!illlell l.elllperat,.llre llleasllrelll('ll[S _lre

(4)tained, l h(, smallest diameler th(,rmo('ouph_
wires th_,t can I)e used (.onwmi(,nlly _lr_' employed,

and the ,vires 'u'e h'd a wtly frolll the thermo(:ouph,

jun(_tion approximately t)al'_dhq t() the surfa('e of

the specimen in the longitu(limd dir(,('tion to

minimizr the thermal gradient in the wires. As

shown lit tigur(_ 7, the thermo(.ouph' jun('tion is
formed !)v ele('lri('ally spotwehling the ends of

the (:hro eel and nlumel wires to the lest sl)e('imen.

The jun qiou points are lo(.ate(| as ae('urately as

l)ossibh, m a line 1)erpendi('ul'lr lo th(, longi! u(linal
_txis of tl,e sl)e('ill.m, if the Sl)e('imen were I.mled

t)y 'l (lir'rt. (,le('tric current, any ntisalim'tm'nl (,f

the janet ion 1)oinls would impose upon lie, t h(,]'mo-

(.out)le j_m('tion an (,le(.tri('=d l)olenli=d I)e('ause of

the l)Ot(nti=d drop in the longilu(li=ml (lire(.iion

_d()ng th., Sl)('('imm_. In order to avoid lhis source
of error it lll('llStll'elll('ll| Of llL(' Sl)rrim(m l('llll)('ra-

lure, =lit ,rnqting ('afraid was seh'('led for healing

the sl)e'im(m. With alternating (.urrout amy
misaline;nent of the th,,rmo('ouph,-jun('tion points

imposes upon Ihe dire('t-('um'nt oull)ul of the

thermo(.,,ul)h, _l]l alternaling-('urr(mt ('ol|ll)one]lt

whi(,h is hal sensed by the I)Ote]ltiometer ('ml)loyed
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7, pp. 24 (o 2(i) lha( the radiation emitled from

a small aperture ill a large chamber whose interior

surfaces are uniformly heated is bhwk-body radi-

atio. am[ is independent of the emissivity of lhe

interior surfa('es of the ('hamber. Iligh-l),'e('ision

referenve bla('l< bodies have been constructed UI)OD
this tll'inciple (ref. S) bttt are difficult lo use. For

the rapid ext)loratory work aml n|(,asurements of

interest in lids investigation, an easily used refeI'-

ence bhwk body was produced by phwing the

conical t:trge( shown ill figure _ within (h(, (,ore=

.wr('ial ububtr gas-a.alysis furrow(, (IJn(ll)(,rg
Engin(,(,rng (?o. (('hi('ago 12, Ill.) ('om bust ion-

tul)e lab,)rator.v furnace, typ(, ('F I) shown in

figures 3 and 9.

The 1)1wl.:-bo(ly target, shown in figure 8, is an
inconel I ollow con(, of (i in(:hes overall external

length whose internal surface has a total apex
angle of _.6 ° and a bnse (liam(,ter of 1 inch. It

has l)ee)_ heavily oxidized by ]wating to high

,, : ::?: L-96506

FI(;URE _;. P, cference-black-body conical targ( t with thermocouph:.

FIGURE (.).

L-96505

lh,ferenc(,-black-body furnace with th(:rm.pih" "rod water-cooled shield in t)ositi(,n for viewillg black |)()(ly
and [)r(.cision I)_)l('ntiomcter used with thermopi]e.
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t(mq)erature in air for a long duration to give it a
stahh, surf,lt('e of high mnissivity. A (.hromel-

alumel lhermo('ouph, of No. 30 gage wire (Ameri-

can wire gage) is electrically spot welded to the

exterior surface of the tqrg(q so (hat its l(,ml)era-

ture may be measured t)y using lh., sam(, self-

balancing potentio,l,l,leiers as a,l'e (,mph>ycd with lhe

i esl specilncn, as indicated in figure 4. The electric
fu,l'na('e, shown in tigures 3 and 9, into which tim

larger fits is essentially a (.cramic tube 1.25 inches
in int(,rnal diam,lqcr and 17 in('hcs long tha_ is

surrounded and h(,al(,d t),v cah'od (,h,ctric heating

clam(mrs deriving 1)ower from a val'i,ld)le t rans-

format of 1,500 watts capacity operating on 120

volts, 60-cy('le, singlc-I)hasc current, as shown in

the wiring diagram of figure 4. The target is

placed near the center of the ceramic tul)e, and the
interior surfacc of the ('oni("d tqrget is viewed 1)y

the thermopilo, as shown in tigure 9, thwough a

N-in('h-diametcr ap(,rlurc in a }_-in(.hPthlick
asbestos covey l)latc phaced over the end of th('

ceramic tube. By this ammgem('nt the interior

surface of the conical large! is in cff('('t "l (.hmmher

whose walls arc tit uniform teml)(u'ature; this

chamber is in turn within a larger ('haml)('r of

approximat ely mdform and equal wall t emper,lmm'

formed by the ceramic tube; thus, lhe lhworcti('al
(.hmml)(,,l" tha! omits radialion as a I)la(.t_ body is

apl)roximatcd.

THERMOP(LE AND ASSOCIATED APPARATUS

2.38
-13.13

/,/,/'//"

1: o
F_

J

,_-

Radiating Water- Calcium Optical
surface cooled fluoride stop (a)

shield lens

(a) Schem:dic arrangement of system. (Vertical scale is

five times horizontal seal('.)

lq(_rnE 10. ()ptical system. All (limm_sions are in inches.

._58

1'

The thlermol)ile, water-ccoh,d shdeht, an(l test

specimen, shown in tigm'c 6, together form the

optical system shown s(.hwmati('ally in tigure 10(a).

(For ('larily, the verti('al s('ale (fig. 10(a)) is five
times the horizontal scale.) 'I'he thermopile,

optical stop, caMum tluoride lens, and housing in
whMt they are mounted, as indicatt,d in figure

10(a), are components from t_ ('ommcrcial

pyrometer (Industrial Division, Minneapolis-

Honcywcll Regulator ('o. (Philadelphia 44, Pa.),

Brown radiamatic pyro,lnct('r, model RI_-I).

These parts, together with the water-cooh,d shield
which also forms an optical stop, arc rigidly

mounted relative t,o ea('hl other on a base plate

so that they may as a unit be attached to a pivoted

arm on the specimen hohhq" as shoxv]l ill figlll'( _' (i

for measuring the radiation fi'om the test specimen,
or as a unit be atta(.he(l to the bla('k-t)ody fumm('e

as shown in figure 9 for measuring the radiation

emitted bv the bla('k-body target.

(b) Enl'trged view of th('rmocoul)le hot junctions.

l"l(;t!R_: 10. (_oncluded.

A ('al('ium tluoride h, ns is e,l,lq)loyed in the

opti('al system of the radiation-sensing t hermopile,

as indicated in figure 10(a). The transmiitan('c
of calcium fhmride as a function of waveh, ngth,

as given in reference 9, is shown in figure ll(a).
Ben(,,llth it is plotted in figure l l(b) the spe('tral

intensity of a 1)la('k I)ody as a function of wave-

length for five different temt)eralures. By ('om-
parison of figures 11 (a) and l 1 (b), ilo is seen that

the ('alcium fluoride h'ns perm it s t he opt i(',lll sysl e,ln

to be highly transt),lm'nt to radiations of lhw wave-

lengths emitted over the rang(, of temperatures of
interest for the cooling of aircraft. 'rhw h, ns is

located so that the radiating surfa('e and the

optical stop are at its ('onjugate fact, as indicated

by the (,xt, reme ray paths shown in figure 10(a).
When the radialing su,'face is normal to the opt i('al
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(a) Trailsniittzlncl' of calciinu fluoride.

(I)) Spectral intensity of black body.

FI('.t'liE I1. Transinitt.tnco of c:tlciunl thtoride "lnd si)oc-

tral intensity of blltck body as functi(ins of w:t, vt,lt!llgtll.

axis, only lhos(, i'li_+s eliilliililillg frolii a 0.(i2-in('h-

dianii, ler ill'ea (tit lhe railiating Slll'fa('e al'e l)('i'-

iiiili(,(t liv the apiq'itii'e of tti(, wilier-cooled shMd
ali(I the ot)tical slop to pass lhrollgh tile aperluro

of tile Ol)tical st()p and fa[| upon the th(q'niol)ile.

"Hit, optical system thus ri,slri('Is the radiation

in('ident, tlpOll t.hc t tit, l'lil()l)il(, Io i'll.)'s tiiat deviate

only by small angles fl'Olll tile opti(.al axis; thus,

iil(,aSlll'elllellts lllav l)e llla(le of the variat.ion (if

i]lt ensity of radiat, ion with the elevatioti angle

I)etween the optical axis and the radiating sur-

face. For su('h measurements, the t)ivoted arm

shown in figure 5, upon whi('h the syst.onl nlounts

as sllOWll ill figure 6, is pivoted a|)out, all axis

copliillar with the test surface of the spe('inlon.

Tile waler-(.ooled shield provent.s unwante([ radi-

litton fl'Olll falling upon alld heating the housing

containing the lllerniopile. Tile shield is e(luil)l)ed

wit h ii shuit(,r as shown in t]gtll'e 6 so that ra(liation

(!all I)l' i)orniill(,d to pass tlirougli ils al)l'l'llir('

only foi tile t)ri_,f tinie inl(,rvais rcquire(] :for

obl ainili:_ Inlu_siir(qiieliis.

Th(_ lh(q'nlopih_ consists (if 10 }lof an(| ('ohl-

jiin(_tiol), pairs of ('hroinel-i'olislalitali lirrangt,(l

radially ili it phi, no paralh!l to au(] lLl)oiit 0.032 in(.ti

t)chhid the apel'tlll'O of the ol)ii(,al stop. Figure

10(b) is an enlarged view (if the tiiernlol)ih; hot
juncl.ions showing l]l('ir oricnlaton relative 1o the

li])ol'tui'(_ in tile optical stop as SeOli wilen vi(,wed

along tie Ol)tical axis toward the test sl)(,cinl(,n.

E'tch ho_ jun(%ion is flattcne(t to increase its arel_

exposed to radialion alid bla(dc(,ned Io iliaiilliize.

its al)sorptiviiy of ra(li.i.tion. Tile (qitire inll,rior

(if lhe l.heriilopih_ }lousing i._ also optically 1)tack

to prevtqit refleelions of ra(liaiion. Tilt, ('old

jtln('tions of tile tilel'lllOl)iio ill'l! |)rol(,('l(,([ front

railialion |)3" })eing t)(,hind the Ol)ti('al slop as

shown iri figui'o |()(lL) ali_l are iii lii(,rnial ('onla('t

wilh the housing so liiat iii(,ir l(qiil)(q'lilul'e is llull,

()[ the ttoiishig. A,_ in(lit'ill(,(] in [igui'(,s 4 lint]

10(it), t.l,nil)(!ral ur(,-(.Olii ])(,nsiil i n g r(,sisl oi's in

l[llq'lila[ ('ontli(:t willl tile [iOtlSillg lll'e ('Ollll(,('t(,([

iu sori(,,_ and in paralh,1 wilh lli(' lilorinopih' so

that. its Oull)ut pot(,ntial is very n(,arly ind(,p(,ndent,

of the tOlllpl, l'altire of ils ('old jilli(qiolis, all(l h(qic(,

of the hOllsing, il l) to housing l(,lllt)(,l't_ltll'es of

250 ° F. The 1)roli,('lion afford(,d 1)y llil, walt,r-

eooh,d _tlichl wits foun(I Io t)ri, vi,nl llw lit)using

l('lii[)(q'a /ll'e fl'Olll rising 111o1'(, lhan li. |'eW dt'gr('('s

above r(,Olil l(,llli)lq'allll.O.

Tile tot.ential (h, vidopcd t)v tile llicrnioi)ile is

ilieaslil'(,il with tile ('OliVi,lit.iona] tiri'(Disioli iilaliull_l

bucking poleniioniel(q" (}{ul>i('on (Io. (Ri(Ig(, Ave.

Ill 35i]1 ," t., |)hila(|ell)hia 37, l)a.), ]{ul)i('on l)orla|)|e

|)reei._iol l)olentionll, l(,r, ln(id(,l 2703) SllOWII ill

figill'(,s ;{ lln(l 9 anti in tile wiring diligl'lllii of [igur(, 4.

CALIBRATION OF APPARATUS

NEED FOR CALIBllATION

For (eternihiation of the total h(qnisphorical

enlissivi ,y of sl_lrflieos tllat elilit diffusely in a(!('ord-

anee wilh tile Lanil)ert cosine hiw, ilic ai)l)aralus

liltist, lilt!llSlll'O tile llux ratio./=,o,{[_.0 its sitown I)V

equatioi, (13); and, fol" Stll'fa('os lhal enlil in any

other ]lllnn(q'j it llltlSt /lleaStlFO the flux ratio

futi_.o a_ shown t)y equation (11). Although ltie

need re" onl)" flux ratios niaterially lessens i}lo

l'oquironionts upon the insirunieniaiion in lhat

only rolalivo rather than llbsohile vlihl(,s ()f the

thlxes li !e(| t)e liieaSill'el[ liy it, it. is ]lev(,l'lh(,h,ss
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necessary t,o calibrate the response of the appa-

ratus to fluxes of various relative intensities, for

it is not wdid to assume that tile response is
directly proportional to the flux. Thus, the

response of the apparatus need be calibrated only
in terms of 'm arbitrary relative scale of tlux

intensity.
METHOD OF CALIBRATION

The thermopile and its optical system constitute

the radiation-flux sensing components of the

apparatus. Their response is (he eleeh'ical l)olen -

tial developed by the lhermopile. The required

ealibrat, ion must therefore be a graph of potenlial

developed by the thermopih, against relative flux

intensity in order that the ratio of any two fluxes

may be measured as the ratio of /heir {hermopile

polentials for use in equation (11) or (13). Such
a calibration may readily be made wibh the refer-

enee black body.

For a. black body lhe lotal hemispherical

emissivit, v is unity; thus, its rate of emission lk'a

is, in 'u'cordanee with equation (2),

) r_4A _= or7 b zlb (14)

Since a black t)olt 3" obeys the Lamt)ert. cosine law
as expressed by equation (10), its rate of emission

in terms of its normal tluxfb,o is given by equation

(7) as

_r

Rb=ro 2 " fb, o cos ¢ sin 4_14M_b
d0=0 J¢=o

which integrates to

Rb= rrrb2fb,o (15)

Equating equations (14) and (15) gives

f aT_4z'lb r-,"T
_,(,= 7rrb_ .... b (16)

Because the dimensions of the thermopile optical

syst,elll al'e |[e](l COllSt_tllt, Zlb all([ ?'b al'e ('o]lsta[lts_

which, togeilter with the constants a and _- cora-

l)rise the constant Kin equation (16). Thus, the

flux from the t)laek body inei(hmt upon the

thermopile 'rod its optical system is i)roportional

to the fourth power of tit(; absolute temperature

of the black body.
Although the al)solute value of/,2, and hence of

the flux, may be determined from the values of

( he cons(ant s corn prising I(, such m'e(t not 1)e done

because only rehttive vahws of flux are required.

Relative flux values eorresi)onding to t)la('k-l)o(ly

teml)eralures may l)e determined l)y equalion (16)

by arbitrarily choosing a ('onv(,ni(,nt mmwri('al
value for K. Since there is a thermopih, I)oten(ial

('orvesp,))l(ling (o ea('h value of l)la(q_-l)o(ly tem-

perai ure, (h(q'e is _tlso a relative flux value ('orre-

Sl)on(ling (o each value of thermopile I)O(en(ial.

Therefore, (he requir(,d calibration of thermopile

potential as a function ()f relalive flux intensity

may l)e determined l)y means of (he l)la('k body.

CAI,IBRATION

The (,alibralion of the rttdi'dion-/iux measuring

syst(,m, consisting of I he thermolfile and it s opti(,al

system is given in figure 12. Six ealil)ra(ions of
t hern)ol)ih_ 1)o(ential as a fimetion of the black-

body temi)erat.ure "n'e shown to indicate the degree

of consistency and stability of the system. The

first ealil)ralion was ma(h, before the emissivity

l)leas/lrelll(,IlIs ]lel'eill l'e])Ol'I(q_ lv(q'(, begllll, Ol}lOl'S

were made at intervals (Im'ing the ('om'se of the

q)

o

c
co

o
_o

o_
E

Relative flux intensity

2 5 5 I0 14 20 30

• 0 First calibration t

13 Second colibrationJ

.3 • -- 0 Third calibration I -

A Fourth calibration

r" ] i O Fifth calibration t -
' _ Sixth calibration

] 1[
.I IO I2 14 16 18 20 22 24x102

Block-body temperature, °R

lq'mUaE 12.--Calibration of the t hermopi]e radiation-flux

measuring system.
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measm'enwnts, and the final ealit)ralion was made

after eOml)h,tion of tiros0 mensurements. Since
there was no distinguishable difference between

the ('alil)rations, the single curve shown in figure

12 wns laken as being the calibration and was used

in the reduelion of ttle emissivity measurements.
In order that ill(, seale (if relative tlux intensity

('onsisl t)f numl)ers greater than unity, the black-

body ilux inlensity nt 1,000 ° R was ('hosen as unit
Ilux intensity for caleulalion of the relnlive-flux-

intensity se_de given in figure 1':2.

ACCURACY OF TIlE SYSTEM

Imwcm'ach, s in the exl)erhm,nlal measurements

of emissivity with the nl)paratus ean lie t)f two
I,V [)us : l'HlldOlll errors and systematic errors.

The magnitude of the random errors may lie as-

sessed from the degree of repeatnbilily of lhe
measurements. The six calibrations shown in

figure 12 disclose no evidence of drift of the np-

i)aratus. Accordingly, the small st../ttt,r in the
ext)evimentnl poinls of [igure 12 may tie attributed

[o I'lll|dOlU orl'Ol'S Of expel'illlell(_/1 llleflsurellltqlt,.

With the e×eeption of a few experimental points

at the highest retalive tlux inlensities, the experi-

mental points of figure 12 fall within _2 percent

(if the relative flux intensity of the mean (.alil)ra-

tion curve. Accordingly, the basic randonl error
of the nl)l)aratus is indicated to tie at)out ±2 ])er-

eem. The ('alil)ration curve of figure 12, imlsmuch

ns it is the mean of the exl)erimental 1)oints, pos-

sesses n much great er prolmble accuracy. Therefore,

the ln_ljor SOlll'('e (If l'Hlld()lU erl'o['s ill the llle_lsul'e-

merits (if tit(, emissivity of the various materials

investigate(| is to be expeeted to nrise from the

relative tlux intensity measurements ui)(m the ma-
lt, rials investigated rather than from the ealil)ra-

t it)n against the reference black t)o(ly. Accord-

ingly, the magnilude of the ramh)m errors in the

emissivity nwasurements of the materials investi-

gated is to be exl)eeted to be only slightly greater

than the basic ramh)m error of the apparatus,

namely, at)ou{, ±2 percent. This expectation is

substantiated wheI'C repeal measurements have

been made upon highly stabilized materials, as, for

example, upon oxi(lized Ineonel where the maxi-

IUUlU dist'repfllley belweell repeat llleflsul'elllelllS is

1.4 percent, and the maximum departure of any

experimental point fi'om the mean eurve is 2 per-

cent. Thus, the random experimental error in the

emissivity measm'emcnt, s upon the mnterials in-

vestigat,,(I is assessed as being ±2 pereem. Vm'i-
aliens it ex('ess of tiffs amount n,re considered to

lie aet u:d vm'iations in the mnlt,rials investigated
rather tlmn l'fl, ll(]()Ill erl'Ol'S ill tile lllellSlll'elll(qllS.

Systematic errors would cause the general level

of the emissivity measurenlents to t)(' incorrect.

The melhod here einployed of eonq)arison with a

reference, black body could give rise to a syste-
matic error if the reference body were not truly _

t)laek b,,tty. This is readily seen front the (h,riva-

tion of ,,quation (4) wherein the emissivily of the
reference bhu'k body _b is assumed to be unily. If

this assmnption is not m_de, ,_ appears as _ factor

in the light-hand side of equation (4) and sut)se-

quent equations derived from il. Therefore,

if tb is less than rarity, the values of total hemis-

ptmrical emissivity are leo large, and the correct.

values are obtained by multilfiying by the value of

%. The reference black body eniployed is it her

low con0 designed on lhe basis of theory, as de-

scribed previously. A recent, report (ref. 10)
indicates that a (.onic.fl black body, when ettuil)ped

with aperture-linliling 1)atrles, possesses an emis-

sivity v.,ry near the theoretical wtlue of tinily and

forms a more perfect I)laek body than either a

cy]inde_ or sphere of similar dimensions. Fro'they,

the emissivily is found to be nearly inth'l)endent
of the _urface condition of the inner walls ml<l

inereasc_ slightly for a Slnooth immr wall. The
cah'ulat_d emissivity, given in reference 10, for

a 15 ° cone having a ratio of dept|t to radius of

limiting aperlure of 15, and a fairly rough surface,

is given as 0.9993; whereas spheres and cylinders

of the simw det)ttl to aperture ratio are found 1o

have entissivilies of 0.995 and 0.994, resl)eetively.

Aceordingly, the emissivity of the referenee black

body h, re employed may tie assumed to have an

emissivity of at leasl, 0.995.
]n vi,.w of these <.onsiderations, the accm'aey of

the em ssivity me_surt, ntents ol)tained with the

apparatus herein deserit)ed is al)pndsed as ±2.5
I)ereent or better, which is suttieient for the engi-

neering api)lieations intended.

INVESTIGATION OF TOTAL HEMISPHERICAL

EMISSIVITY

INCONEL

Properties of material.--The first xneasurements

of emissivity made with the apparatus described

herein were performed upon Ineonel beevuse of its



MEASUREMENTS OF EMISSIVITY FOR RADIATIVE COOLING OF AIRCRAFT 15

utility as a material of construction of aerody-
namic-heat-transfer research models as des('ribed

in reference 11 and because of its general utility

as a lwat-resistant material in many diverse fields,

which creates need for knowledge of its emissivity.
The nominal chemical cornl)osition (in percent) of

wrought In('onel

following table:
Nickel

Chromium

Iron

M:mgtmes(,

Copper

Silicon

Carbon

Sulfur

(from ref. 12) is given by the

77. 0

15. 0

7. 0

0. 25

0. :2

0. 25

0. 08

0, OO7

Preparation of test speeimens.--When Inconel

is heated in air to high temperatures and yet is
below that temperature at whi(,h it suffers loss of

mechanical properties to the extent that it cannot

be used, it is observed to undergo a discoloration

of its surface which alters its emissivity. Al-

though the ch(,mistry of this surface alteration

was not investigated, it presumably is one of

oxidation and, accordingly, is termed an oxidized

surface herein. A preliminary investigation r(,-

vcaled that, when samph's of Inconel sheet arc

heated in air without l)rior meticulous cleansing,
the oxidation is erratic. Sonlelim(,s there is

formed a greenish-gray stn'face that is powdery,
h)osely adherent, and generally mlsuitat)le as a

surface having stable emissivily ('haracteristics for

the radiative cooling of ,_.ireraft. At other times
there is fovrned a t)luish-black surfa('e that is

smooth, thin, strongly adherent, resist.rot to mild

abrasion, capabh, of withstanding rapid healing

and ('ooling wilhout (q'a('king ov spalling, and

genev_rlly suiiat)le as a surface for' use in tile radia-
[is'(, cooling of aircraft. Tire following procedure

for consistently pvodu(,ing this bhtisll-black oxi-

dized surface was deveh>ped and wns used in pre-

paring tilt, test specimens.

By trial, it was determined thnt In('onel speci-

mens 9 inches long, 1 .:,";in('hes wide, and 0.030 inch

thi('k ('ouht readily I)e he'Lted to near their melting

h,ml)evature in the specimen hohter 1)y lhe speci-

men healer power supl)ly. A('covdingly, spe('i-
mens of tiffs size were 1)repar('d from sheet lnconcl

mM their surfaces thoroughly ('leansed of any

tra('e of mill scale and other contamimttion by

immersion in an etching solution, at room tent°

perl_.ture, composed of 1 gallon of commercial nitric

acid (70 percent tlNOa), 1_._1)ints of commer('ial

hydrofluoric acid (60 percent tlF), arid 1 gallon of

water. After removal 'rod rinsing with water,

the specinlens were polished to give them a smooth

surface. They were then again immersed in the

etching solution to remove all contanlina_ion re-

sulting from the polishing, and lhereafter l)re-

cautions were taken to prevent contamination.

Upon removal from the etching solution lhey were
scrubbed first with methyl ah'ohol and thon with

deionized distilled water by using 'fl)sorl)ent

cotton swabs and handling the sl)e('imens only

with clelm cotton gloves. After air drying, lhe

specimens were placed upon a cleansed Ineonel

rack and inserted in a clean ele('trie fuma('e ])re-

heated to t)etween 1,950 ° F and 2,000 ° F and

having an air atnmsphere. Since the degree of

oxidation of the specimen surfaces was del)cndent

Ul)On the lenglh of time in the furna('c, sl)ecimens

having wu'ious degrees of oxidation were 1)rel)arcd

by withdrawing speeinlens from lhe furnace after
time intervals ranging fronl 2 to 13 minutes.

After oxidation, the lhermo(ouple used for m(,_rs-

urement of st)ecinlen teml)eralurc w_rs inslMlcd on

each specimen.
Tests of stability of emission.--Preliminnry

measm'emenls of lighlly oxidized 1,wonel spc(.i-

mens dis('losed that, their emissivity increased

with time when they were held at, an elevated

temperature in air; this condition indicated pro-

gressive oxidation. Accordingly, the length of
time that lnconel nmst t)e oxidized in the furnace

by the pr(wedure employed in preparing tile test

specimens in order to establish a sl_fl)le oxidized
surface was invest ignited. Specinlens having dif-

ferent degrees (if oxidation were prel)ared. The

total normal emissivity of each sl)e('imcn, that is,

the emissivity at (b=0, was measured at a sl)e('i-

Inen temlrevature of 650 ° F. The specimens were
then heated to 2,000 ° F "rod heht at this tempera-

lure ill _fir for 30 minutes. The sl)evimens were
[hen cooled to 650 ° F and their lotal normal

emissivity measured a second time. The first
measurement of total normal emissivity divided

])V the soCOlld lrleflsul'clrl(qlt was [il, korl as 1_,11 ilrdex

of lhe stability of the oxidized surface.

In figure 13 the measured index of stability of
ttle oxidized hwoncl surface is l)h)lted as the

or(lim_te, and lhe time in nrinules thal tile test

sl)eeimcns were heht in the electric furnace in

their l)rel)_u'alion as the abscissa. It is seen that
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'FIGURE 13. -Measurements of stability of total norm'd

emissivity of oxidized Inconel :is a function of dur.ition

(if oxidation tilne.

speeiinens which had been oxidized in the furnace

for 9 mbmtes or longer exhibited no challge in
their total normal emissivity measured at 650 ° F

after being held at 2,000 ° F for 30 mimltes in air.

Tile following hypothesis is suggested as ex-

plaining the observed emissivity stal)ility t)ehavior

of ]nconel shown in figure 13. The increase in

the stability index with furnace oxidation time up

to 9 minutcs indicates that Sl)ccimens oxidized for
less than 9 mimltes in tim furnace experienced

an increase in enfissivity upon being held at 2,000 °
F for 30 ndnutes in air. This increase indicates

that the emissivity of unoxidized Ineonel is less

than tlmt of oxidized Inconel at the test teml)er-

afar,, of 650 ° F. Since emissivity is a property

of the surface, it is to be expected that, as the

unoxidized surface is tel)laced by an oxidized

surface of higher emissivity, the emissivity will
im'rcase until the unoxidizcd metal no longer shows

through the oxide coating, whereupon no further

change in emissivity of the surface is to be ex-

pected. In the light of this hypothesis, oxidation

in the fm'naee for 9 mimttcs or more I)roduced an

oxi(h_ costing of sullicient thickness to rel)lace

COml)h'tely the h)wer emissivity of the unoxidized
metal with that of the oxide.

Ac('ordingly, all further tests were 1)erfl)rmcd

upon Sl)ecimens that had been oxidize(l by heating

at 1,950 ° F to 2,000 ° F in air for 9 nfinntes or more.

It was observed visually that such stabilized

sl)ecimens ,q)t)earcd not to experience continued

growth in tile thickness of their oxide coating

despite repeated and prolonged hcating; this con-

dition suggested that the coating protected the

metal from further oxidation. Ilowever, weighing

of a specimen b(,fore and after being maintained

at an ele" ated temperature in air would be required

to verify this observation precisely.

'rests of conformity of emission with. Lambert
cosine ]aw.--In order to determine whether

stably oddized Inconel emits thermal radiation

diffusely in accordance with the Lambert cosine

law, metsurcments were made of the intensity
of radiation at wu'ious elevation angles 4' to the

surface of two test specimens oxidized for 9 and

13 nlinu.es respectively, over a range of specimen

temperatures from 800 ° F to 1,800 ° F.

Because the optical system of the radiation-

sensing thernmpile aceel)ts emission fronl a circular

area of the specinlen when viewing the specimen

at ¢=0 it views a l_rger elliptic area when

4)#0. ,_4n(.c equations (11) and (13) are based

upon tim thermopile receiving radiation from a

constant area of the emitting surface, the nleasurc-
mcnts made at ¢#0 were corrected to a constant,

area as ¢ollows: As in the derivation of equation

(10), th( area A, viewed when ¢_0 divided by

tile area A o viewed at ¢=0 is

A, 1
Ao cos ¢

Since tb,_ radiation received by the thermopilc is

proportional to the arca viewed, measurements

of the r£ative flux intensity at ¢¢0 were divided

by 1/cos ¢ to correct them to an area equal to that
viewed by the thermopile at ¢=0.

In figs re 14 the ratio of the relative flux intensity

measure_l at several elevation angles ¢ to that at

¢=0 is )lotted as a function of ¢. In order to

test conformity with the Lanlbert cosine hLw,

o 10 20 50

oo
,I o soo° 

:o,o , T • 'o . ?
, \, A 1,400 OF ,] '_60

. \ J, Soo7 7.

,:50 .40 i20

FI(H:rRE 1.k--Comparison of emission of Inconel oxidized

9 and 1 i minutes at 1,950 ° F to 2,000 ° F with Lambert

cosine faw of diffuse emission at, temperatures front

800 ° F Lo 1,800 ° F.
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there is also plotted (see circle in fig. 14) the

Lambert cosine law as expressed by e(luation

(12). For both the 9- and 13-minute oxidized

specimens, expet'imenlal 1)oints are sho_ll for

measurements made at spe<'imen temperatures

of 800 ° F, 1,000 ° F, 1,200 ° F, 1,400 ° F, 1,600 °

F, and 1,800 ° F. Both spe('imens are seen to

emit in conformity with the Lambert ('osine law

of diffuse emission at all t eml)eratui'es investigated.
Measurements.--Since stably oxidized Ineonel

was found to eInit diffusely in accord with the
Laml)erl cosine law, its total hendsl)herieal emis-

sivity can be readily measm'ed by using equation
(13). The measurements so obtained over the

lemperature range from 600 ° F to 1,800 ° F are
shown in tigure 15 for two spe('imens oxidized in

air at 1,950 ° F to 2,000 ° F, one for a duration
of 9 minutes and the other for 13 minutes. No

measurable difference is observed between the

specimens oxidized 9 and 13 minutes; thus, the

stability measurements of figure 13 are confirmed.

The total henfispheri('al emissivily of the stably
oxidized Ineonel is shown in figure 15 to increase

linearly with temperalure from a value of 0.69
at 600 ° F to 0.82 a! 1,81)0 ° F. Stal)ly oxidized

Ineonel is thus found to 1)ossess a moderately high

tola¿ hemisplwri('al emissivity that is a (Minite

function of leml)erature. Results are summ'u'ized
in tat)le I.

_ ,oo 1- I • [
o Oxidized 9 rain of 2,000°F !

_ .90_ El Oxidized 13min at 2,O00°F

f, .so-
g" ..... i t *

.70.
.t=

-5

6 8 I0 12 14 16 18 20xtO 2

Temperoture, °F

t"m [:RE 15. -Measm'('m(mis (ff t, otnl hemisl_h('rical emi,,,siv-

it 3- of stably oxidizvd Inc(m('l as flmclion of hm_l)('r:dure.

IN(_()NEL X

Properties of material.---The total hemisl)heri('al
enlissivity of Ineonel X was investigaled because

Ineonel X possesses superior strength properties

_t elevated temperatures trs eOml)ared with

lnconel and retains many other desirable t)roper -

ties of Ineonel. Ineonel X is thus interesting as

a material of construction of high-supersonic- and

hypersonic-speed aircraft subject to aerodynamic

heating which may utilize radiative cooling to

maintain structurally tolerable temperatures. The

high-tentperature properties of Ineonel X m_Ly
also result in its use in other fields with resultant

need for information on its emissivity charaeh_r-

isties. The ¿)ercentage eoml)osition of Inconel X
(from ref. 13) is given by the folh)wing tat)le:

Nickel ........................ 7(I.00 minimum

Chromium .......................... 14.00 to lii.O0

Titanium ......... 2.25 |o 2.75

CoIumt)imn ................ 0.7 Io 1.20

Alumitmm ................. 0.4 to 1.00

Iron ..................... 5.00 to 9.00

Manganese ...................... 0.30 Io 1.00

Silicon ........................... 0.50 maxinmm

Col)per_ ......................... 0.20 maximum

C,_u't )o u .............. [).08 maximum

Sulfur_ .............. 0.01 maximum

Preparation of test specimens.--By preliminary
tria.ls it was deternlined that In('onel X sl)eeimens

9 inches long, 1.5 inches wide, m,l 0.030 in('h
thiek could readily I)e he'_le(I to near their melting

tenq>erature in the Sl)ecimen holder by the st)eel-
men heater I)ower supply. Accordingly, sl)e<'i=
mens of this size wer(_ cut from sheet Inconel 2(

and cleansed and polished t>y using the l)roce(lure

eml)h)yed with In(.onel descril)ed 1)reviously. The

theFlltO(!Olll)lo Ilse([ f()l' lllell,Slll'elll(qlt of s[)eei|ueli

temi)erature was then insl,dh,(t.

Tests of stability of emission.--The stabilily

of the emissivity and the oxidation ('har,wleristi('s

of Ineonel X were investigated t)y placing a (qean,

TAP, LE I. SUMMAltY OF TOTAL IIEMISI'ItF1HCAL EMISSIVITY PII()PEIVFII._S

(}xid;l_ioll ill (]lliOS
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bright specimen in the specimen holder and sub-

jecting it to the temt)erature time history shown

in figure 16(a) while simultaneously measuring

its total normal enlissivity which is shm_aa in

tigure 16(b). As indicated in figure 16(a), the

speein,en temperature was quickly raised from

room temperature at time 0 to 900 ° F, and then

in steps of 100 ° F up to 1,500 ° F, at which point
the temperature was held constant for an hour.

The Wtal norinal enlissivity, as sho_am in figure

16(b), inereased with temperature from a low

wdue eha.raeteristie of mosl bright, white metals,

hut, upon cessation of the temperature increase

at 1,500 ° F, the total normal emissivity con-

tinued to rise with time at _ decreasing rate so

that it. tended to approach an equilibrium value.

This behavior clearly indicates that the surface

of the specimen underwent ehemieal reaction with
the air at elevated temperatures, which reaction

is herein ternled oxidation, and caused the ob-

serw, d changes its emissivity. The drifting of

the enlissivity after cessation of temperature

ehange shows clearly that the emissivity is not

only a function of temperature hut also of tinle at

temperature. At 75 minutes after start of the
test, the tentt)erature of the specimen was again

quMdy inereased from 1,500 ° F to 1,800 ° F as

shown in figure 1600, mid again the tolal hernial

emissivily increased and with the passage of time

apl)roaehed an equilibriunl value as shown in

li?'ure lli(b). At 136 minutes, the speeinten

0 20 40 60 80 I00 120 140 160 180 200

OKidotion time, min

(a) Time history of specinwn temperature.

(b) Time history of Iotal normal emissivity of specimen.

l:mtu_: 16. ExtHoration of the stability of the total nor-

real entissivily of Inconel X heated in quiescent air.

telnperaan'e wits again increased from 1,800 ° F

to 2,000" F, and again the total lmrmal emissivity

inerease, I and approaehed with the passage of little
a steady value. Inspeelion of the specimen after

this test showed that it had developed upon its

surface ,_ smooth, thin, dark gray, oxide eoa.ling
which was strongly adherent and resishmt lo

mild al:rasion. Subsequent rapid heating and

cooling have shown that the coating is highly

resistant to flaking off under rapid changes of

temperature.

From the measurements shown in figure 1_; il is

apparent that, whets Ineonel X is heated to high

t eml)eratures in quiescent air, its surface undergoes
oxidatiou which increases its total normal enlis-

sivity. With the passage of tinle at ehwated

tenlpernture, tile emissivity approaches a stable

value which is characteristic of the temperature.

Up to _,000 ° F, the limit of the Lest, the stable

enlissiviby value increases with temperature, the

increase becoming less as the temperature becomes
higher.

In vi,.,w of these results, and because for the

radiative cooling of aircraft the highest possible
total ll_unispherieal emissivity is desired, the

t.empenlture of 2,000 ° F was selected for oxidizing
the sur:aee of the Ineonel X test speeinlens

whose *otal hemispherical emissivity wouht be

meastmd. In order to deternfine tile length of
time that the speeinlens would h0.ve to be held a(,

2,000 ° F in quiescent air to dew:lop an oxide

eoating having a stable value of emissivity, _
elt,ais m oxidized speeimen was quMdy heated in

the spee men holder t,o 2,000 ° F and n)(,asurentents
were m tde of lhe vari,_,tion of its total normal

etnissivi y with lime. The results are shown in

tigure 1", front which it. is seen lhat _ stat>le value

of t,h(, t,,tal hernial emissivily is at.laint,d afler 30

minutes of oxidation. Accordingly, all furthec
tests w( re performed Ul)On Sl)e<'int(,ns oxidized i,l

air at 2,000 ° F for 30 mitmles ()r h)nger.

 °°rlJir J /I
.90

.80 ' _ .
I0 20 30 40 50 60

Oxidolion lime, rain

FIGURE 1 7.--Variation of fetid llornutl emissivily of hmon('t

X with time of oxidation at 2,000 ° F in quiescent air.
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Tests of conformity of emission with Lambert

cosine law.--In order to determine whether stat)ly
oxidized Ineonel X emits thermal radiation in

conformity with tile Lambert cosine law of ditruse

enfission, measurements were made of the in-

tensity of radiation at various elevation angles

to the surface of a specimen oxidized in air at
2,000 ° F for 30 minutes. The measuremen|s were

nmde at specimen temperatures of 600 ° F, 1,000 °

F, 1,400 ° F, and 1,800 ° F, and corrected for the

increase in area of the specimen viewed at _,_0,

as described l)reviously. In figure 18 the measure-

ments are shown, and for (,omparison the Lambert

cosine law is plotted as lhe eireh,. The measure-

inents at'(, seen to 1)e in ('los(, agreement with the

Lalnl)ert, cosine law, from which it is concluded

that Ineonel X, stably oxidized by heating in

quiescent air to 2,000 ° F for 30 minutes or longer,

emits diffusely.
Measurements.--Sinee stably oxidized Inconel

X was found to emit diffusely in accord with the

Lalnbert ('osine law, measurements of its total

hemispherical einissivity were conveniently made

by using equation (13). Measurements so ob-

tained at telnt)eratures from 600 ° F to 2,000 ° F

are shown in figure 19 for two specimens--one

being oxidized in air for 30 minutes at 2,000 ° F

and the other being the specimen that was sub-
jected to oxidation at successively higher tempera-

tures up to 2,000 ° F, and whose time history is

given in figure 16.

Figure 19 shows that the total henfispherical

emissivity of Inconel X stably oxidized in air at

2,000 ° F for 30 minutes or longer varies almost

linearly with temlterature from a value of 0.895 at

0 I0 20 30

/u,o

_90
.60 .40 .20

Fm_r_E 18. Compar,son of emission of Intone[ X oxidized

30 minutes at 2,000 ° F with Lambert cosine law of dif-

fuse emission at temperatures from 600 ° F to 1,800 ° F.

r71 ! I 1177-.

c_ O 0xdzed 30minor 2000°F their
_"2.80_ '
E _D Time history of oxidation given in figure 15 i

_- " G 8 10 12 14 16 18 20x10

Temperoture, °F

FmlrnE 19. Measurements of total hemisph(,rical emis-

sivity of stably oxidized Inconel X as function of

tellll)erat, llre.

600 ° F to 0.925 at, 2,000 ° F and thus has over lhis

temperature range a Ifigh emissivity well milled

for radiative cooling of aircraft. The ('lose agree-

ment between t,lw measurements for the spe<'inwn

oxidized a long time and that oxidized for the
minimum time of 30 minutes re<luired for attain-

men( of stability indicates not only that full

stability had been attained by the 30-minute

oxidized specimen but also that the emissivity is

dictated by the highest temperature at whie]l Ilw
oxidation is l)erformed irrespective of oxidation at

lower teml)eratures. Results are summarized in
table I.

TYPE 303 STAINLESS STEEL

Properties of Material. Measurements of the

total hemispherical emissivity of tyt)e 303 stainh'ss

steel were performed because of the desirable
physical properties of this material at elevated

temperatures. The interest in this material as a

construction material for SUltersonie and hyper-

sonic aircraft, its utilization in aerodynamic heal-

transfer research models, attd other uses of it in

many divers(; fields create a need for a more con>

plete knowledge of its total emissivity. The nom-
inal chenfieal composition (in percent) of type

303 stainless steel (from ref. 14) is shown in tim

following table:

Chromium

Nickel

Silicon

,Molyl)denmn
Zirconium

Carbon

Phosl)horus

Sulfur

Selenium

Iron

17.0(} to 19.00

8.00 to 10.00

2.00 maxmmm

1.00 maxmmm

0.60 maxmmm

0.60 maximum

0.15 maxmmm

0.07 mimmum

0.07 minmnlnl

0.07 mi,nmum

Balance
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Preparation of test specimens. Prelinfinary

tests indicated that test sl)eeinmns of tyl)e 303
stainless steel having dimensions of 9 in('hes in

length, llt inches in width, and 0.030 inch thick

couhl easily be heated to a teml)erature near the

melting point of this alh>y by the specimen heater.

Therefore, test specimens of this size were fabri-

cated front 0.030-inch-thick sheetmetal stock,

cleaned to the base metal by mechanically l)olish-

ing, _)nd tilt, temperature-measuring thermoeouple

was alUwhed to the surface. All specimens were
further cleaned by scrubt)ing with alcohol and

distilled water before testing.

Tests of stability of the emission. Tests on a

polished and ch'ansed specimen to determine the

oxidation characteristics in air and the emissivity

stal)ility were performed by subje('ting the speei-

Illel| to the teml)erature time history shown in

figure 20(a) while simultaneously measuring the
specimen's total normal emissivity shown in

figure '20(b). With increase in teml)eraturc

during the tirst 15 mimltes, the total normal

emissivity increased, and a large time lag was

exhibited. By virtue of this time lag, the total

normal emissivity of the unoxidized specimen is
determined to be al>l)roximately 0.30. Retention

of the specimen temt)erature at 1,500 ° F from 15

minutes to 75 minutes gave litth, indication (ff

quick attainlnent of a steady normal emissivity

value; therefore, the temperature was increased

20XlO 2 T ' - [ I f]
t

o

4 • " , ..... _ , r

,.ooll .... ,-
.80 .................

.60 ..........

E
.40 .................

c

.2o ;I] ...........

0 7'0 40 60 80 100 120 40 160 180 200
O_ldot on ltme, mm

('_) Time history of specimen _emperatur('.

(b) Time history of tot'd normal emissivity.

l"muRE 20. -Exploration of the stability of the total nor-

real emissivity of stainless steel 303 heated in quies-

cent air.

to 1,80( o F at 75 minut(,s. By 13(i minutes
evident( that a stable wflue of total normal emis-

sivity (',mid be achieved was indicated by the

asympt(_tic approach of the total normal emissivity
to a constant value of apl)roximately 0.74 as

shown in figure 20(b). In order to determine

whether a still higher stable value of total normal

emissivi:y could be attained, the specimen teml)er-

aturc was increased to 2,000 ° F at 136 nfinutes,

whercupon asymptotic approach of the total

normal f,missivity to a wdue of al)out 0.87 was in

evidenc( by 197 minutes. Exanlilmtion of the

test spe(imens after completion of this test showed

that a smooth, thin, strongly adherent, nearly
black, oxide coating that is resistant to abrasion

had been formed upon the surfaee of the test

specimen. A series of rapid heatin_ and cooling

eyeles in(tieated that this oxide coating is resistant

t() flaking or spalling under conditions of ral>id

t('lll|)el'a_lll'(" ellall_,es il t) to the maxinlunt teml)era-

lure of t!wse tests, 2,000 ° F.

Beeau_e the highest value of total hcnfisl)herical

emissivily is desired for the radiative cooling of

air<'raft, and 1)ecause tit(, stal)le value of total

tmrntal emissivity of oxidized type :303 stainh,ss

steel is shown by tigure 20 to inereasc with

teml)era!urc of oxidation up to the limit of the

test at '+,000 ° F, all further tests were performed

on speei hens oxidized in air at 2,000 ° F.
In or_ er to determine the oxidation time neces-

sary at a teml)eraiure i)f 2,000 ° F to obtain in

quiescent air a surface coating having a stable

value of emissivity, a eh'an bright test specimen

was quickly heated to 2,000 ° F and measurements

made of the variation of its total normal emissivity

with tin,e. The results of this test, as shown in

figure 21, indieate that a stabh, value of emissivity

is el)tail ed after approximately 30 minutes front

I0 20 30 40 50 60 70

Oxid,alion lime, rain

Fmt:a_: 21. Variation of tot.d normal emissivity of stain-

less steel 303 with time of oxidation :it 2,000 ° F in

(tuiesceat air.
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the instant at which the temperature of the spe¢'i-

men reaches 2,000 ° F. Therefore, all further in-

vestigations were performed on test specimens

oxidized in air at; 2,000 ° F fi)r 30 minutes or longer.

Tests of conformity of emission with Lambert

cosine law.--An investigation to determine
whether stably oxidized type 303 stainless sWel

enfits diffusely in accordance with the Lambert

cosine law was conducted over a range of angles

of incidence from 0° to 60 ° and over a range of

speeilllen t.elllper'ittlros froili {)00 ° F to 2,000 ° F.

The measurements are shown in figure 22 where,

for comparison, the Lambert, cosine law is plotted

as a circle. The close agreement of the measure-
ments with the Lambert cosine law indicates that

tyl)e 303 stainless steel emits diffusely oww the
temperature range front (100 ° F to 2,000 ° F when

stably oxidized in air at 2,000 ° F.

Neasurements.--Sinee stably oxidized 303

slainh,ss steel was f(mnd to emit diffusely, measure-

ments of its total hemisl)heri('al emissivity were

readily made t)y using equation (13). The meas-

uremenls obtained for two tes! sp(,eimens over the

temlieraturc range from (it)() ° F to 2,0()() ° F _rrc

shown in figure 23. One sl)e('inlen "w_s that sub-
jeered to the t(,ml/erature time history shown in

figure 20, and the other was oxidized in air for

60 minutes at 2,000 ° F. The total hemispherical

emissivity is shown in tigure 23 to in('rease from

0.74 tit 600 ° F to 0.87 at; 2,000 ° F. The ('lose

agreement between the two st)(,('imens indi('ates

that, the total ]wmisl)herieal emissivily is fully

(_ I0 20

7 " o  oo.

i f o ,aOOOF
.8o [ ,,4oo / !

r. _t ' o 1,8oo_ _ ,5o _
-o:

• 60

i
90

.40 .20

FIGURE 22.--Comparison of the emission (ff stainless steel

303 oxi(lized 60 minutes at 2,001) ° F with l,atnbert cosine

law of diffuse emission at tenq)(,ratures from 600 ° F to

2,000 ° F.
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FI(_l:Rn 23. -M(,asur(,menls of tot:d h('misl)hvrical (,lnis-

sivity of stably oxidiz('d slainh.ss steel 303 as a function

of temp('rat ur['.

stal>ilized by oxidalion in air at, 2,000 ° F for
30 1ninules, t}ml it, is independent of oxidation at

lower temperatures, and lhal it is (leternfined by

the highest oxidation h'ml)eratur(' to whi('h the

test Sl)eeimen is _ubje('ted. llesulls are sum-
marize(t in t ahh' I.

RN 120 TITANIUM AI,LOY

Properties of material. -The investigation of

the lolal hemisl)heriea] emissivity of type llS 120

tilanium alloy was conducted he('ause of ils rela-

tively light weight, great strength, and high melt-

ing point. These l)hysi('el l>rol)erties have created
('onsi(lerabh_ interest, in this mehtl as a construc-

tion material for SUl)ersoni(' 'rod hyI)ersonic air-

('raft as well as for oth(,r diverse high-leml)erature

appli('a.t ions.

A rapid decrease of the ultimate and yM(l

strength of this met,d o('eurs at teml)er_dures above
800 ° F. (See ref. 15.) Further, a sh/w t)ub

irreversibh' absorption of atmospheric nitrogen at,

temperatures at)eve 1,2(10 ° F ('auses embrittlement,

of tit(, metal (ref. 151; thus, the utilization of this

metal is limited to l(,mperatures ('onsi(h, rat)ly I)e-

low the melting t)oint for applications where great

slrength is necessary or where proh)nged exposure

t,o high h, mI)eratures is exl)ech'd. A('('ordingly,

investigation of the enfissivity of this material was
limited to 1,500 ° F for short-time-duration high-

temt)erature applications.

The nominal ehemi('al eomt)osition (in l)ereent}

of this alloy, as given in reference 15, is shown in

the following table:

Titanium 94. 170

Manganese. 5. 700

Carbon _ _ O. 106

Nickel ........... 0. 022

Preparation of test specimens. -Test sl)eeimens
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9 inches lnng, 1 inch wide, and 0.062 inch thi('k

were found to t>e easily heated I)y the specinwn-

holder ])ower supply to a t('mperature exceeding
the useful range of this metal. Therefore, speci-

mens of this size were polished to a clean smooth

surface of bare metal and temt)eratm'e-measuring

thermocouph,s were attached. The test specimens

were then further cleaned I)y scrut)bing with

ah'ohol followed t)y distilled water I)efore _my

tests were performed.

Tests of stability of emission. -In figure 24 are
shown the resuhs of an exploratory test to

determine the feasibility of producing on this

alloy a stable and high emissivity coaling by

chemical reaction with air hlduced by heating the

alh)y in quiescent air, which reaction is here termed

oxidation although chelnically the coatings pro-

duccd may have consisted of compounds other

than oxides. A ('lean sl)ecimen was subjected to

the temperature time history shown in tigure 24(a),
and simultaneously there was measured its lethal

normal emissivity which is presented in iigur(,

24(I)). Upon heating the specimen to 800 ° F,

its total normal emissivity was found to tie 0.26,

a h>w value typical of bright metals, which value
exhibited little or no variation with time at

temperature for 22 mim_tes. The temperature

was then increased to 1,000 ° IF whereupon the
total normal emissivity quickly increased, and

_lfter at)out 13 minutes reached a steady value of
0.39 at which it, remained without indication of

0 20 40 60 80 I00 120 t40 160 180 200
Oxidalien time, min

(a) Tinle history of specimen temperature.

(b) Time history of total normal emissivity.

F/GURE 24.-Exploration of the stability of the total

normal emissivity of titanium alloy RS-120 heated in

quiescent air.

drifting 1'or 19 minutes. The gradual al)l)roa('h

of the (missivity to the steady value of 0.39

indicates ehenfieal reaction of the sl)e<.imen

with the ;_ir, resulting in the fro'marion of a coating

upon it, surfa<'e <>f the sp(wimen; this coating,

upon re Lching full (tcvelopnwIlt attainat)le at

1,000 ° F, exhibited a total normal emissivity of

0.39. I_, order to determine whether _ coating
having a still higher stable value of total normal

emissivity could t)e ])ro(hwed, the temperature of

the specimen was increased t() 1,20() ° F as shown

in figur(. 24(a). The total normal emissivity

increase( slowly (this iucrease indi<'atiug further

develol)ment of the coating I)y reaction with th,,

air) and appeare(t to re_('h after 26 minutes a
stabh, wLlue of 0.675 at which it remained for

5 minut_,s. In an attempt to (tevch)l) _l still

higher total normal emissivity, the specimen
temperature was again increased, this time to

1,400 + F The total normal emissivity, as shown

in figure 24 (b), underwent a sul)stamtial decrease

followed by a slight increase and a['tcr 51 mimm,s

approacl ed a steady value of 0.575. This

phenomt,_lon was foun(I to I)e vel)catat)le with other

test Sl)CCmwns. it is noted that in this feral)eva-
lure range this titanium alloy is known to ex-

perience an irreversibh, absorption of atnlospherie

nitrogen. (See ref. 15.) This condition suggests
that tht. observed decrease in total normal

einissivity is associated with nitrogen absorption

resulting in a chemical change in the coating of the

specimen, _llthough no chemical analysis was

performc_t to confirm this. In order to explore

further, the temperature of the spc('imen was

increase( to 1,500 ° F as shown in tigure 24(a).

The spe('imen's total normal emissivity, as shown

in tigure 24(b), increased slowly with time and

after 60 o 70 minutes appeared to have reached a
stable v_,lue of 0.715, the highest value altained
in the t..st.

Upon 'ooling of the lest spe('inmn whose time

history (f oxidation is shown in figure 24, as well

as ethel specimens subjected to similar time

histories of oxidation, it was found that there had

formed zpon their surfaces a coating that was

smooth, adherent, resistant to mild abrasion, and

capable of withstanding rapid temperature

fluctuations without damage. Because of this
behavior, and in view of oxidation at 1,500 ° F

having produced the highest total normal emis-

sivity, all further investigations were made on
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sp(wimens oxidized ill air at 1,500 ° F.

]n order to dett,rmine the length of time required

to produce oi1 titanium alloy RS-120 a stable oxide

coating whose emissivity would not change with

time at temperature, clean test specintens were
heated in quiescent air to 1,500 ° F for various

lengths of time and their total nornml emissivity
measured at 1,500 ° F. The results of these tests

arc presented in figure 25 which shows that oxi-

dation for 65 minutes or longer results in a stable

value of the total nornml emissivity of 0.715.

Tests of conformity of emission with Lambert

cosine law. Cleaned and polished speeinu, ns of

type RS-120 titanium alloy, stably oxidized by

heating at, 1,500 ° F in quiescent air for 65 minutes

or longer, were investigated for conformance of
their emission with the Lambert cosine law of

diffuse emission by measurenlent of the ratio of

their relative flux intensity at elevation angles 4)

of 30 ° , 45 ° , and 60 ° to that at, 0=0% Tit(,

nleasurenlents were made over a range of spe('inwn

temperatures fi'om 600 ° F to 1,500 ° F. The re-

suits are presented in tigure 26, where, for conq)ari-

son, there is also plotted as the circle the Lamt>ert

('osine law of difl'use emission as expressed by
equation 112). The close agre(qnent between the

ext)erimental measurenwnts and tit(, Lambert
(.osine law indicates diffuse (,mission from the

stably oxidized surface over the t('mperature

range from 600 ° F to 1,500 ° F.
Measurements.--After it was determined that

type RS-120 titanium alloy stably oxidized by

heating to 1,500 ° F in quiescent air for 65 minutes

or longer emits diffusely in accord with the Lam-

l)ert cosine law, its total henfispheri(,al enfissivity

was conveniently measured 1)y use of equation
113). In figure 27 are presented measurements

for two specimens, one of whi('h is the sl)eeimen

whose time history of oxidation is shown in figun,

__ .80 _ r-7
>

E .70
®

_- '5°0_-% 20 30 40 50 60 70 so
Oxidotion time, rain

FIGURE 25.--Variation of total norm.d emissivity of tita-

nium alloy ItS 120 with film, of oxidation at, 1,500 ° F

in quiescent air.
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of diffuse (,mission.
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I"[_URE 27.---Measurements of total h(,misi)h(,rical ('mis-

sivity of stably oxidized titanium alloy l{S-120 .is a

function of temperature.

24, and t,he other is a specimen oxidized at 1,500 ° F

only. The close agreement between the specimens

indicates that the enfissivity ('haracteristies were

det(wmined by the oxidation at, 1,500 ° F rather

titan I)y any oxidation at lower temperatures. The
total henfispherical emissivity varies fi'om 0.66 at

600 ° F to 0.72 0,t 1,500 ° F. Results are sum-
marized in tabh, 1.

CONCLUDING REMARKS

In this investigation, ,'ooling t)v thermal ra(lia-

lion is shown theoreli('ally to t)e a promising and

powerful means of lleel)ing the temperature

resulting from aero(lymmfic healing of high super-

sonic and hypersoHi(' aircraft within structurally
tolerat)le limits, particularly at high altitudes.

Exploitatiou of radiative cooling is re('ognized as
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requMng the development of methods of readily

producing on high-icml)erature structural nlatc-

rials surfaces that not only have high x'alues of

total lwmisphcri('al cmissivity but also are acro-

dynaniieally smooth, adherent, resistlmi, to mihl

abrasion, and ('apablc of withstanding rapid

chlmges of tenit)crature. It is shown theoreti-

cally tlu_t lhe emissivily (,haracteristics of such
surfaces can 1)e readily investigated to high tem-

pel'alurcs by comparison with a reference black

body. Relatively simple appan_tus based on this
principle is dcs(,ribed and illustrated; this appa-

hi\us is easily duplicable and was constructed

priiwipally ['rein (,onuucreially awlilal)h, parts. A

sinll)h, t)rocedm'e for ealil)ration of the radial\on-

sensing portion of the apparatus is dcs('ribcd, and

tcchni(lu(,s of cniph)ying the apparatus are ilhis-

trale(|. By means of lhe apparatus it. is shown

tlmt the:e can be produ(:ed on suitat)ly eh, aned

[neoncl, Ineonel X, stainless steel 303, and tita-

nium alh_y RS-120 surfaces having high and sla-

ble wdu:,s of total emissivity, as well as other

requisite properties, by oxidizing t)y the simple

process (:f heating in quiescent air to the neces-

sary IcIl!pera|ure for the appropriate length of

liine. 'lhe teinpcrliiure and times at teiupera-
lAlre required to produce i he stably oxidized sur-

faces, the type of cnlission of llie siirfll(_os, and

the total heinispherield einissivity of the sllrfaees

at various I cmpcndurcs are smnmarizc(1 for
convenient rcfcrenee in a table.

LA.N(H_EY |{E;'4EARCIt CENTER_
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